In image-guided radiation therapy (IGRT), volumetric information on patient anatomy at treatment conditions is made available with in-room imaging devices capable of cone-beam CT. Setup error and inter-fraction rigid motion can be corrected online. The planning margin can therefore be reduced significantly. However, to compensate for uncertainties including organ deformation and intra-fraction motion, offline evaluation and replanning are necessary. The purpose of this study is to investigate the use of an offline dose compensation technique to further reduce the margin safely. In IGRT, online CT scan, rigid image registration and setup correction are performed at each fraction. Later the regions of interest are registered offline between treatment and planning CTs using a finite element method to account for non-rigid organ motion. Cumulative dose distribution is calculated and compared with the prescription dose. The discrepancy, if found significant, is repaired using the dose compensation technique, in which the cumulative dose distribution is incorporated in adaptive IMRT planning for future fractions. Two compensation schedules were tested in this study: single compensation at the end of the treatment course and compensation performed weekly. One patient with one planning CT and 16 treatment CTs were used in this simulation study. Due to the aggressive smaller planning margin used, severe underdose was observed in the clinical target volume. The size and magnitude of the underdose were reduced substantially with online guidance but were still significant. Both dose compensation strategies were able to reduce the dose deficit to an acceptable level without additional planning margin. Weekly compensation is more biologically beneficial and can spread the execution error into multiple fractions. The offline dose compensation technique allows further margin reduction and can complement the online guidance by compensating for uncertainties that cannot be reduced online, thereby increasing the confidence in IGRT delivery.
Introduction
Geometric variations occur in conformal radiotherapy of prostate cancer (van Herk et al 1995) . Uncertainties include setup error, inter-and intra-fraction organ motion. Adequate planning margins accounting for these uncertainties are necessary to ensure target coverage (ICRU-50 1993 , ICRU-62 1999 . Setup errors can be measured using electronic portal imaging devices (EPID) available on most modern linear accelerators (Herman et al 2001) , and can be corrected either online or offline. However, the prostate gland cannot be detected in the mega-voltage portal images, and its position and shape change from fraction to fraction due to its unique anatomical location. Online image guidance for prostate cancer is made possible with either implanted markers (Herman et al 2003 , Litzenberg et al 2002 , or volumetric images of the patient anatomy under treatment conditions with on-board kV imaging systems capable of CT scans, such as the Synergy system from Eleckta, the Trilogy system from Varian, and the in-room CT-on-rail system (Jaffray 2005) . These image guidance systems, in principle, offer good soft tissue contrast in CT images to make it possible to localize the prostate gland.
Online guidance usually includes the following steps: patient setup, CT image acquisition, image registration between treatment and reference CTs, setup correction such as shifting couch and rotating collimator and gantry angles, and finally, treatment delivery. The amount of time for online image guidance is often restricted due to the patient throughput at the treatment machine. The increased intra-fraction motion with prolonged treatment time may also diminish the benefits of image guidance (Ghilezan et al 2005) . Therefore, corrections performed in online image guidance are often limited to patient setup and inter-fraction rigid motion. Moreover, online image guidance cannot take CT images and dose distributions from previous treatment fractions into consideration; therefore, the full potential of image guidance cannot be realized by the online image guidance alone. The effects of non-rigid motion and intra-fraction motion can only be evaluated and compensated offline. The purposes of this study are to develop an offline dose compensation technique for image-guided radiotherapy and to evaluate different dose compensation schedules.
Methods and materials
In this section, we describe several components in the process of prostate IGRT. Both online and offline systems are included. The online session includes a CT scan, image registration and isocentre correction. Then treatment based on the initial plan is delivered. The offline part includes segmentation of regions of interest and deformable organ registration. An image registration based on contours is also performed as a reference for comparison with online image registration. Then dose distribution for each fraction is computed using online correction parameters and cumulative dose distribution is calculated and evaluated, a decision is made on whether to replan using dose compensation and the compensation is delivered in the next fraction.
Image guidance-online and offline
The prostate gland not only moves between fractions, its shape also changes due to the physiological processes of nearby organs such as bladder and rectum, as shown in figure 1. The efficacy of online image guidance depends on CT image quality and accuracy of image registration. Current auto-segmentation algorithms are not very successful in the pelvis region. Manual delineation of regions of interest may be prohibitively slow in an online environment. Therefore, we assumed that the contours on treatment CT were not available for online CT image registrations. Instead, we tried to register treatment and reference/planning CTs by matching the treatment CT image with the contours drawn on the reference CT. We called this image-based registration or IBR. We also assumed that regions of interest on treatment CT will be delineated offline for other purposes such as dose evaluations. For comparison, we also registered the treatment and reference CTs offline using contours on these CTs. We called the latter contour-based registration or CBR. The processes of CBR and IBR are shown in figure 2, the detailed description and comparison of CBR and IBR have been presented elsewhere (Wu et al 2006) . The CBR represents the ideal situation because the same contours on treatment CT are also used for offline deformation and dose evaluation. However, IBR represents a more realistic situation. Both CBR and IBR are rigid body registrations in which the prostate gland, instead of bony anatomy, is manually matched between reference and treatment CTs.
In both CBR and IBR, translations were allowed in all directions, which would be corrected through isocentre shift. In addition, rotation was also allowed in the sagittal plane to accommodate the more pronounced prostate motion in that plane (Antolak et al 1998 , Nederveen et al 2002 ; this would be corrected through the collimator rotation for lateral beams.
Organ deformation and cumulative dose calculation-offline
To accurately evaluate the cumulative dose distributions delivered to the clinical target volume (CTV), deformable organ registration (DOR) needs to be performed. In DOR, an organ is
Contour based registration (CBR) Figure 2 . Procedures of image-based registration (IBR, on the left) and contour-based registration (CBR, on the right). Both start with prostate contours in the planning CT in 3 orthogonal views. Then greyscale planning CT image is undisplayed afterwards. In IBR, the registration is accomplished by matching the treatment CT with the contours from the planning CT. In CBR, the greyscale treatment CT image is also undisplayed after the contours on the treatment CT have been drawn. The CBR is then accomplished by matching the contours from the treatment CT to those from the planning CT.
divided into many sub-volumes, and the relative position of each sub-volume varies from fraction to fraction. Assume v is the sub-volume of an organ, V, i.e., v ∈ V, it has a coordinate of x(v) ∈ 3 (Birkner et al 2003) . The displacement of the sub-volume of the organ is subject to the constraints of the tissue elastic properties and the force exerted. Let x ref (v) be the position of v in a reference CT, then its position at fraction i becomes
is the rigid transformation used in online image guidance and it affects the whole image set. Previously, tools have been developed to perform the mappings of the sub-volumes based on a biomechanical model of human organs and the finite element analysis method (Yan et al 1999, Liang and . The inputs to the tool are the surface information of the organ (i.e., contours) from treatment and reference CTs, and the parameters describing elasticity properties of the organ. The outputs are the mappings of the sub-volume, i.e., δ i (v) . In this study, the prostate gland, the rectal wall and the bladder at each treatment CT were individually registered to their corresponding parts in the reference CT. We have extended the tools to compute the cumulative dose, which is the sum of the dose delivered in prior fractions. Assuming the dose matrix at fraction i is d i ( x) , then the cumulative dose for sub-volume v after k fractions is
The process of cumulative dose computation and image feedback is shown in figure 3.
Dose compensation-offline planning and online delivery
The cumulative dose distribution is fed back to the treatment planning system for evaluation. If it deviates significantly from the original goal, the deficit can be made up using dose compensation. Both 3D conformal radiation therapy (3DCRT) and intensity-modulated radiation therapy (IMRT) can be used for the purpose of dose compensation. If 3DCRT is used, the underdosed region will be identified in the beam's-eye-view (BEV) display window, so a proper beam aperture can be designed to deliver a boost dose to the underdosed region. However, IMRT may be more suitable for this purpose. Two features of IMRT are widely used in the clinic currently: the ability to generate dose distributions that are conformal to the target volume (Ling et al 1996) and the ability to deliver multiple dose levels simultaneously to different target regions (Wu et al 2003) . In this study, we tried to explore another feature of IMRT, i.e., to incorporate previously delivered dose distributions into the treatment plan optimization for future treatment delivery. Several investigators have also addressed similar issues in the framework of adaptive plan optimization (Lof et al 1998 , Birkner et al 2003 , Rehbinder et al 2004 .
If the dose compensation is to be achieved by IMRT through adaptive inverse planning, the objective function for plan optimization in general can be written as f (D Rx (v) ,
is the cumulative dose already delivered after k fractions, and FD(v) is the boost dose to be delivered in future fractions, each term being a function for each sub-volume. The type of the objective function can vary. In this study, we used the commonly used form of quadratic dose difference that is available in a commercial IMRT planning system (Pinnacle 3 , Philips Radiation Oncology System). The goal was simply to deliver uniform dose to CTV. Online image guidance
It is straightforward to incorporate biological effect into the formula if the CTV dose is not uniform, and the cumulative biological effect is significant. In this case, the CD k (v) is simply replaced by its corresponding biological equivalent, e.g.,
where BECD k (v) is the biological equivalent cumulative dose to the sub-volume v, α/β is the biological parameter for CTV. Another form is
where NTCD k (v) is the normalized total cumulative dose equivalent to fractional prescription dose at d f , which is usually 1.8 Gy. For simplicity, we only performed physical dose-based compensation in this study.
To simplify delivery of dose compensation, the beams chosen for dose compensation were from the same gantry and collimator angles as those used in the initial plan. Therefore, the multi-leaf collimator (MLC) segments used for the compensation delivery can be combined with those in the initial plan in the form of multi-segment IMRT delivery.
Dose compensation schedule
Dose compensation can be implemented in many ways and balance should be made between effectiveness, workload and efficiency. One extreme is to do it at every fraction, and another is to perform it only once at the end of the treatment course. Other options include once every few fractions such as weekly compensation. It can also be triggered by pre-defined criteria in the offline dose analysis. For example, if the deviation of cumulative target dose from the original plan exceeds a threshold, the compensation will be performed. Daily compensation increases the workload dramatically but may only offer limited benefits considering the random nature of organ motion. Compensation at the end of the treatment course is relatively easy to implement but may not be beneficial for some patients. For example, the level of underdose at the end may be too large for the dose compensation to be completed in one fraction. Another weakness is that it may have biological disadvantages. One grey of dose at the end of the treatment course may not be equivalent to one grey lost during early fractions. In addition, even though dose compensation can correct the mistakes and residuals from previous fractions, it cannot compensate for the fraction where the boost dose is delivered. As a result, a large execution error could occur. In this study, two compensation schedules were simulated and compared: single compensation at the end of the treatment course and weekly compensation. The schedules are compared in table 1. While FD(v) in principle can be delivered in multiple fractions, we chose to deliver it once in the next immediate fraction to simplify the simulation. The initial plan is delivered at each fraction unmodified, i.e., FD(v) includes only the compensation part.
Patient data and the simulation technique
One patient with one planning CT and 16 treatment CTs are used for the simulation. All CT datasets were registered on the basis of bony structures; therefore, the setup error was considered removed. Only organ motion was considered in this investigation. A hypofractionated treatment schedule was simulated in which 3D conformal plans of a 4-field box with 18 MV photons were created. The prescription dose was 3.9 Gy per fraction for 15 fx and the total dose was 58.5 Gy to the isocentre, usually the centre of the CTV, or prostate in this case. The prescription dose was biologically equivalent to 80 Gy treated at 1.8 Gy per fraction (assuming α/β = 4), with minimum dose to prostate usually at 95%, i.e., 76 Gy. This dose level was found to be adequate for the low risk group patients.
Dose distribution for each fraction was recomputed using online correction parameters including isocentre translations and collimator rotations. Cumulative doses were calculated for each organ based on these dose distributions and the sub-volume mappings from deformable organ registrations. In IMRT planning for dose compensation, the objective was to deliver uniform total dose to the target in the reference CT considering the prior cumulative doses. The intensities were converted to MLC segments and they were merged to the original conformal beams for delivery.
To demonstrate the dose compensation technique, zero margin from CTV to PTV was used in this case. We want to point out that this margin is only for organ motion and does not include setup error because that was considered removed after the bony registration of CT images. In addition, even when CTV to PTV margin is zero, there is still margin for the penumbra, i.e., the block margin. For example, in our case, the PTV to block margin was 7 mm in AP and lateral directions and 12 mm in the superior-inferior direction.
Results and discussions
Dose-volume histograms (DVH) of prostate, rectal wall and bladder for various guidance strategies are shown in figure 4. The prostate gland would have been severely underdosed at the end of the treatment if no correction was performed, due to the motion and zero margin applied. As expected, correction with IBR improved the underdose significantly, but not as well as the correction based on CBR. We used the D 99 (dose to 99% of volume) to evaluate the target coverage. After 15 fractions, the difference in D 99 for prostate between cumulative dose and the original plan is acceptable at 2% for CBR, but is 7% for IBR. To keep the difference under 2%, a margin of 5 mm would have to be used between CTV and PTV for IBR. A 3D view of cumulative dose distributions after IBR correction for the patient is shown in figure 5 . This clearly shows that the anterior-superior portion of the prostate gland was heavily underdosed.
Applying compensation once at the end of the treatment with IBR improved the underdose to less than 1%. The 7% of total prescription dose was close to the prescription dose at each fraction, therefore it was acceptable to deliver the compensation in one fraction in this case. If the underdose is higher, it may become necessary to divide the compensation into multiple fractions. Weekly compensation achieved similar results for target coverage. Because the overall effect was underdosed in the anterior-superior region, this indicates that the bladder shape in the planning CT might not be representative of the general shape in all treatment fractions. As shown in figure 1 , the bladder in planning CT is considerably larger than that in other treatment CT, the full bladder pushes the prostate towards the rectum. As a result, during most treatment fractions, the prostate position has shifted towards the bladder. Hence the anterior-superior portion of the prostate was outside the treatment field and underdosed if no online guidance was performed. An extremely full bladder may also change the shape of the prostate gland, i.e., the part of the prostate close to the bladder moves more than other regions due to the pressure. This may explain why the same part of the prostate was still underdosed after IBR correction. In comparison, the discrepancy in the rectum was smaller.
Because additional doses to the target were focused on the anterior-superior region of the prostate, its effect on the rectum was minimal for this case. The isodose distributions in sagittal view are shown in figure 6 . The regions of interest from the planning CT are displayed. Because the deformable organ registrations were carried out for each anatomic structure, the dose distributions outside these organs were based on interpolations and thus not accurate. However, these should not affect the results of these organs presented here. Similarly the spatial dose distributions can be examined in this view, both compensation once and weekly compensation achieved similar dose distributions.
To examine the dose compensation in detail, we also plotted the DVHs for two fractions at 6 and 11 for weekly compensation in figures 7 and 8. Planned DVHs were obtained by scaling from the planned ones with their fraction numbers. After fractions 5 and 10, cumulative doses were computed incorporating the online correction parameters and deformation information. These cumulative dose distributions were loaded into the treatment planning system and additional plans for dose compensation were created for fractions 6 and 11, the reference CT and contours used for the dose compensation planning in this case were from the pre-planning CT, although other CTs could also be used. These plans were deliverable plans with optimal fluence converted into multiple MLC segments and they were merged into the original plan for delivery on fractions 6 and 11. The differences between the 'dose comp after fx 6 (11)' and the 'cumulative after fx 6 (11)' are that, in the latter, the online correction parameters (isocentre shift and collimator rotations) were used to recompute the dose matrix at that fraction, and the contours on the CT from that fraction were also used for DOR for the calculation of cumulative dose distributions. The information was not available when dose compensation was planned because planning was done before fraction 6 (11). To put it another way, the dose compensation can only correct for dose deficiencies that occurred at previous fractions, not at the fraction when the boost dose is delivered. It is possible that the boost dose is delivered to an unintended region if the deformation is high or there are significant errors in the online correction at that fraction. The probability can be reduced by spreading the boost dose into several fractions considering the random nature of the non-rigid organ motion, at the cost of increased workload. The initial plan required 511 MU for four beams. In comparison, the IBR is applied, then, the underdose can be expected to be as high as 7% at the end of the treatment course. The plot for IBR correction also monotonically decreases as a function of treatment fraction, indicating that the underdose is a gradual effect and cumulates from each fraction. The weekly compensations were performed at fractions 6, 11 and 16. At fraction 6, the additional dose to target was not able to reduce the overall dose difference; this was caused by the residual from online image guidance and deformation that occurred at fraction 6. However, there was still an observable improvement over the IBR correction alone. At fractions 11 and 16, such effects were small and the compensations were able to reduce the overall dose deficit. This shows that weekly compensation can reduce the execution errors by spreading boost doses into several fractions. The CBR was used as a reference in this study to benchmark results of perfect online image guidance, i.e. the underdose in CTV cumulative dose distribution after CBR is caused primarily by the non-rigid organ motion. Another implication from this study is that, if fast and reliable auto-segmentation tools were available to accurately delineate the contours online, then CBR can be performed online to improve the precision of IGRT. This may become practical in the near future because of current intensive research efforts in this area.
In this study, we intentionally used the zero margin from CTV to PTV to demonstrate the dose compensation technique. In clinical implementation, margins of 3 mm or more will be used for initial planning, therefore, the dose compensation magnitude will be smaller and the frequency may be less than that shown here. In addition, the patient used in this study happened to have a considerably full bladder in the planning CT. As a result, there may be a systematic difference of the prostate shape between planning and treatment CTs. One way to minimize the systematic difference is to use the treatment CT or combination of treatment CTs in the replanning for dose compensation, similar to the adaptive radiotherapy currently being implemented in our clinic (Yan et al 2000) . A slightly larger planning target volume will be used. Detailed comparison of different adaptive planning strategies with more patient data will be deferred to a future study.
The success of dose compensation depends on many factors.
(1) The description of anatomy at treatment position from the treatment CT may not be accurate due to intra-fraction motion. The prostate gland may move between the online CT scan and treatment delivery, i.e., the intra-fraction motion. The effect can be reduced by reducing the online time to under 20 minutes (Ghilezan et al 2005) . The stationary type intra-fraction motion can be simulated in the evaluation of cumulative dose if the magnitude is known (Wu et al 2006) . The nonstationary type intra-fraction motion can be evaluated with a second CT scan after the treatment delivery, and the anatomy at treatment delivery can be interpolated from these two CT scans based on time stamp. (2) The calculated cumulative dose may not be accurate because of uncertainties in deformable organ registration. They include the uncertainties in the contours and the parameters describing human organ elastic properties. Active research is being performed by many investigators to minimize these uncertainties, which are beyond the scope of this study. (3) The image registration technique may not be accurate. As improvements are being made in image quality of the online CT and the auto-registration algorithms between planning and treatment CTs, it is expected that IBR will be performed automatically with computer programs and the accuracy of image registration will be enhanced.
Conclusions
Our results indicate that offline compensation using IMRT can effectively repair the dose deficit incurred during early fractions and therefore complements the online image guidance procedure. It offers the potential to further reduce margins. The combination of online and offline processes increases our confidence in the delivery of image-guided radiation therapy. Compared with the single dose compensation at the end of the treatment course, dose compensation performed at weekly intervals is as effective and more biologically beneficial. In addition, weekly compensation can reduce the effect of execution errors by spreading them into several fractions.
